PATIENTS undergoing replacement of the mitral valve appear to have somewhat less satisfactory early and late results than do those undergoing replacement of the aortic valve, in our experience." 2 Therefore studies were made of the hemodynamic state preoperatively and early postoperatively in patients in whom the Starr-Edwards prosthesis was inserted into the mitral region. The data indicate that cardiac output is generally abnormally low early after operation and suggest a relationship between this and the postoperative mortality rate. Some information was obtained relevant to the etiology of the low cardiac output early after this operation, wvhich suggests that impaired left ventricular performance contributes importantly to the low output. Methods Fourteen patients (cases 1 to 14) were studied before and after replacement of the mitral valve with a Starr-Edwards prosthesis (3M size in all except cases 9 and 13 in which size 4M was used). Also studied were one patient undergoing plication of the posterior leaflet3 for severe mitral valvular incompetence from ruptured chordae tendineae (case B) and one patient without cardiac symptoms from whom a left atrial myxoma was removed (case A). Before and early after operation, all patients had atrial fibrillation except patients 5, 8, A, and B who had sinus rhythm. Two patients (case 11, 1956, and case 14, 1959) had previously undergone closed mitral commissurotomy. One (case 12) had undergone closed exploration of the left atrium in 1951. One (case 10) had undergone annuloplasty in 1963. Other pertinent clinical and surgical findings are summarized in table 1.
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PATIENTS undergoing replacement of the mitral valve appear to have somewhat less satisfactory early and late results than do those undergoing replacement of the aortic valve, in our experience." 2 Therefore studies were made of the hemodynamic state preoperatively and early postoperatively in patients in whom the Starr-Edwards prosthesis was inserted into the mitral region. The data indicate that cardiac output is generally abnormally low early after operation and suggest a relationship between this and the postoperative mortality rate. Some information was obtained relevant to the etiology of the low cardiac output early after this operation, wvhich suggests that impaired left ventricular performance contributes importantly to the low output. Methods Fourteen patients (cases 1 to 14) were studied before and after replacement of the mitral valve with a Starr-Edwards prosthesis (3M size in all except cases 9 and 13 in which size 4M was used). Also studied were one patient undergoing plication of the posterior leaflet3 for severe mitral valvular incompetence from ruptured chordae tendineae (case B) and one patient without cardiac symptoms from whom a left atrial myxoma was removed (case A). Before and early after operation, all patients had atrial fibrillation except patients 5, 8, A, and B who had sinus rhythm. Two patients (case 11, 1956 , and case 14, 1959) had previously undergone closed mitral commissurotomy. One (case 12) had undergone closed exploration of the left atrium in 1951. One (case 10) induced with pentothal and maintained with halothane in concentrations of 0.25% to 0.8% in 60% nitrous oxide and 40% oxygen except in cases 13 and 14, in which maintenance was with meperidine, nitrous oxide, and oxygen. Succinylcholine was used to aid intubation and to provide muscular relaxation when required. Either a median sternotomy or a left thoracotomy was employed (table 1). Cardiopulmonary bypass was accomplished by techniques described previously. 4 The pump-oxygenator was primed with a mixture which was two-thirds blood and-one-third 5% glucose and 0.2% NaCl in water. A vent was placed in the left ventricle through a stab wound in its tip in all cases except case 14, in which it was inserted across the mitral prosthesis. The aortic root was opened and the coronary arteries cannulated directly in cases 7 and 14. As a protection against air embolization, ventricular fibrillation was induced and maintained electrically during most of cardiopulmonary bypass, except in case 14, in which the heart was kept beating. Prior to inserting the prosthesis, the mitral valve and all chordae tendineae were excised. During and after operation, blood was administered in amounts sufficient to maintain an adequate ventricular filling pressure.5 Five per cent glucose in water, 750 ml/m2/24 hr, was administered intravenously on days 1 and 2, and oral intake was resumed on day 3. Digitalis therapy was resumed before study on day 1 in cases 2 and 13; before study on day 2 in cases 5, 10, and 11; and before study on day 3 in cases 3 and 4. Quinidine therapy was begun late on day 2 in case 1. Patients were breathing an oxygen-enriched atmosphere spontaneously at the time of all postoperative studies, except patients 6, 10, and 14 (table 2) . Patients 5 and 9 died, 36 and 12 hours, respectively, after operation. At autopsy the prosthesis was seen to be accurately inserted, and the sutures had not compromised the left circumflex coronary artery. In case 5 there was acute hemorrhagic infarction of the entire apical half of the left ventricle. In case 9 there were no specific findings. Both patients died with progressive reduction of cardiac output despite high ventricular filling pressure. Convalescence was satisfactory in the other patients.
Patients were studied several days preoperatively by means of right heart catheterization. C irculation, Volumie XXXIV, September 1966 448 Observations were made at operation just prior to bypass; 30 to 60 minutes after bypass with the chest open; after closure of the chest; 3 to 6 hours after operation (postoperative day 1); and on the mornings of postoperative days 2 and 3. Pressures were measured and recorded by Statham P23Dd strain gauge manometers and a mobile recorder.* Intracardiac pressures during operation before repair were measured through a needle appropriately inserted. After repair and postoperatively they were measured through appropriately positioned polyvinyl catheters, which were brought out of the chest through small stab wounds. In some cases an additional catheter was positioned in the pericardial sac for pressure measurements. Left ventricular pressures were reported as peak pressure over end-systolic and enddiastolic pressures. Arterial pressures were measured in the radial or femoral arteries. The zero reference point was at midchest at the level of the manubrium. Pressure values given in table 2 were obtained during expiration. P02, pCO2, and pH were measured at 37 C by appropriate electrodes,t and oxygen saturation was measured in a reflection oximetert Cardiac output was determined by the average of measurements from pairs of indicator-dilution curves derived after injecting indocyanine green into the left atrium or ventricle or both and sampling at the radial or femoral artery. During inscription of the curves, blood was drawn through a densitometer § at a rate of 10 ml/min. Between the 17 pairs measured after injection into the left atrium, 17 after injection into the left ventricle, and 40 after one injection into the ventricle and one into the atrium, the mean difference was -0.106, -0.102, and +0.100 L/min/m,2 respectively. The standard deviation of the differences was 0.248, 0.219, and 0.288, respectively. The standard error of the mean of the differences was 0.0615, 0.0531, and 0.0455, respectively. Differences between pairs after injection into the left atrium were not statistically significant, nor were those after injection into the left ventricle. Differences between pairs after one injection into the left ventricle and one into the left atrium were of borderline significance. Rahimtoola its primary circulation is underestimated by about 20%. Blood in the left atrium was sampled continuously during and early after injection of dye into the left ventricle as a means of investigating regurgitation around or through the prosthesis.
Results
Cardiac output was abnormally low in 10 of the 12 patients studied before operation and insertion in the mitral region of a Starr-Edwards prosthesis (table 2). (Average value for cardiac index in normal resting adults is 3.5 L/min/m,2 standard deviation + 0.7. ) 7 The average value for cardiac index after opening the thorax but before cardiopulmonary bypass was 1.9, similar to the preoperative average value. The average value after insertion of the prosthesis while the thorax was still open was 2.5 L/min/m.2 Cardiac index averaged 2.2 L/min/m2 immediately after the chest was closed and only 1.7 after 3 to 6 hours (day 1). On day 2, the average cardiac index was 1.9, but by day 3 it had risen to 2.2. This same pattern of change existed in the majority of individual cases. Only two patients on day 2 and three on day 3 had cardiac outputs within the range of normal. Changes in cardiac output were generally related to changes in stroke volume rather than in heart rate.
As has been noted previously,5 arterial blood pressure and mixed venous oxygen saturation did not accurately reflect cardiac output. In case 3, for instance, arterial blood pressure was 120/78 mm Hg, mixed venous oxygen saturation 72%, and cardiac index 1.5 L/min/ m2on day 1. On day 3 blood pressure was 130/ 60 and mixed venous oxygen saturation 59%, but the cardiac index had risen to 2.5.
Apparent mean left atrial pressure was abnormally high after repair, averaging 19 mm Hg immediately after repair with the chest open, 21 just after the chest was closed, and 22, 18, and 19 on days 1, 2, and 3, respectively. Average mean left atrial pressure was 3 to 7 mm higher than right atrial pressure at various times after repair. In the 54 cases in which observations were made simultaneously of left and right atrial pressures, the mean pressure on the left was higher than .CD '.4E ¢ 1 on the right in 48 instances and the same as on the right in six instances. The difference was 12 mm Hg during some observations. According to concepts developed previously,5 the relation of left and right atrial pressures suggests that impaired performance of the left ventricle is more limiting to the cardiac output in most of these patients early after repair than is that of the right ventricle. The high mean atrial and ventricular end-diastolic pressures make it unlikely that the low cardiac output was due to inadequate ventricular filling pressure from hypovolemia.
The difference between mean left atrial pressure and left ventricular end-diastolic pressure was trivial or absent after repair. The upstream sampling technique, used in nine cases, demonstrated a small amount of dye appearing early in the left atrium in only one (case 12). Peak pressure in the left ventricle was the same as or less than that recorded simultaneously in the radial or femoral artery ( fig. 1 ). Thus in these patients there was evidence that the Starr-Edwards mitral valve prosthesis does not cause obstruction to left ventricular emptying in man.
Blood gas levels were generally satisfactory and did not appear to contribute to the occurrence of low cardiac output (table 3) . Arterial pCO2 was either normal or mildly low, except in case 14, in which it was 53 mm Hg 3 to 6 hours after operation. Arterial PO2 ranged between 88 and 448 mm Hg. Among the 41 observations in these 14 cases, there were only seven in which arterial oxygen tension was less than 100 mm Hg. In 13, it was above 200 mm Hg. Arterial pH was usually normal, being less than 7.4 in four of 46 observations (7.39, 7.39, 7.32, and 7.36). The value 7.32 was recorded in patient 11 on day 1, when arterial pCO2 was 41 mm Hg and buffer base 43 mEq/ L. By the morning of day 2 these had spontaneously returned to normal.
Mild or moderate incompetence of the tricuspid valve was known to be present in cases 2, 3, 9, and 14. Postoperatively mean right atrial pressure was lower than mean left atrial pressure, suggesting that despite the incompetence at the tricuspid valve the left co * ventricle, not the right, was the limiting factor in cardiac performance. Average cardiac indices in these four cases on days 1, 2, and 3 were 1.3, 1.9, and 2.2 L/min/m,2 respectively. The value on day 1 only was lower than that for the group as a whole. One of these four patients died postoperatively. The hemodynamic state was not different after operation performed through a left thoracotomy than after operation done through a median sternotomy. Only one patient (case 14) was operated on without a prolonged period of electrically induced ventricular fibrillation, and the hemodynamic state after operation was similar to that of the group as a whole.
Seven patients were found to have cardiac indices of less than 1.8 L/min/m2 at preoperative cardiac catheterization. One of these died postoperatively. The cardiac indices on postoperative days 1, 2, and 3 in these patients averaged 1.6, 1.8, and 2.1 L/min/m,2 respectively. Patients whose cardiac indices were 1.8 or greater during preoperative cardiac catheterization had cardiac indices averaging 1.9, 2.0, and 2.4 on postoperative days 1, 2, and 3. The relation between individual preoperative cardiac outputs and the average values for the same patients on postoperative days 1 and 2 is depicted in figure 2 . Pulmonary vascular resistance measured during preoperative cardiac catheterization was markedly elevated (900 dynes sec cm-5 or more) in cases 1, 6, and 7. It was significantly lower postoperatively in two of these three cases.
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Hand prerepair, had repair rather than replacement of the valve. Auscultation and injection of indocyanine green into the left ventricle and sampling from the left atrium indicated no incompetence after repair. Cardiac output rose steadily after repair, and on day 3 was higher than the average for patients in whom a Starr-Edwards prosthesis was used.
Comment
Cardiac output during the first 48 hours after operation was generally lower after insertion of a Starr-Edwards prosthesis in the mitral region than it has proved to be after use of the prosthesis in the aortic region or after repair of atrial or ventricular septal defect or tetralogy of Fallot. [8] [9] [10] The degree of depression of cardiac performance in these patients was highlighted by comparison with the cardiac performance of the patient from whom a left atrial myxoma was removed (case A). The higher operative mortality after insertion of the prosthesis into the mitral region than into the aortic region and the higher mortality after prosthetic replacement of the mitral valve than after repair' are probably interrelated. Cardiac output usuallv was lowest 3 to 6 hours after operation, showed an Circulation, Volume XXXIV, September 1966 increase by day 2 (24 hours postoperatively), and was yet higher on day 3 although still often abnormally low. Clinical observations and studies of others" indicate that this favorable trend continues and that cardiac output may be within normal limits 7 days after -_ t Indicator-dilution curves inscribed from radial artery before and after removal of left atrial myxoma from patient (case A) with normal hemodynamic state preoperatively. Contrast contour of curves and cardiac output with those of case 13 (fig. 4 ).
operation. Thus some of the factors depressing cardiac performance early postoperatively appear to become nonoperative later. Studies performed 6 months or more after operation suggest that various degrees of cardiac dysfunction do persist in some cases. 12' 13 High apparent atrial pressures and high apparent ventricular filling pressures were deliberately maintained during and after operation on our patients, since previous studies by us had clearly demonstrated the favorable effect of this on cardiac output.5 Immediately after cardiopulmonary bypass, the patients were transfused from the pump-oxygenator until atrial pressures were about 25 mm Hg (1,000 to 2,000 ml of blood usually being given). In these 14 cases, average drainage from the chest 8 hours postoperatively was 580 ml, and the amount of blood which had been infused since operation averaged 1,610 ml. High left atrial pressures or an excellent hemodynamic state were the only findings limiting the amount of blood infused. It does not seem possible that more blood could have been administered without risking pulmonary edema. We do not, therefore, agree with Kloster and associates"1 that hypovolemia, implying insufficient ventricular filling pressure, is the cause of the tendency of these patients to have low cardiac output early after repair. If hypovolemia had existed to such a degree that ventricular filling pressures were low, cardiac output of course would have been still lower.
Figure 4
Indicator-dilution curves inscribed from radial artery before and after replacement of mitral valve with Starr-Edwards prosthesis in case 13.
The apparent or observed high atrial and ventricular end-diastolic pressures are transmural or effective pressures only as long as the thorax and pericardium are widely open. Intrapericardial pressures were measured in seven of our cases postoperatively and found to vary between +4 and +15 mm Hg. Recognizing the difficulty of generalizing about the pressure within the pericardium from its measurement at one point, it seems clear that transmural pressure is lower than apparent atrial pressure for several days after the thorax is closed. This probably relates to the observation that cardiac output after repair is generally highest while the chest is still open. It does not explain the difference in cardiac output of these patients from that of patients undergoing other types of intracardiac surgery.
The fact that left atrial pressure was generally higher than right (in the absence of obstruction at the left A-V valve) indicates that impairment of left ventricular performance contributes significantly to the low cardiac output. The suggestion of Kloster and associates" that tricuspid valvular incompetence (which certainly was present in some cases) is primarily responsible for the low cardiac output seems invalid, since were this true right atrial pressure would presumably Circulation, Volume XXXIV, September 1966 be higher than left. The demonstrated absence of left ventricular outflow obstruction eliminates abnormally high output resistance as the cause of impaired left ventricular performance.
Analysis must therefore be made of factors impairing contractility or distensibility of the ventricles (recognizing that some of these might also affect the right ventricle).
Cardiopulmonary bypass has been thought to depress myocardial function mildly, although clear confirmation of this from experimental studies is lacking. This factor should not depress cardiac performance in patients undergoing insertion of Starr-Edwards mitral prosthesis more than in other cases. There are theoretical reasons for believing that long periods of ventricular fibrillation during whole body and coronary perfusion might result in temporarily impaired ventricular function postoperatively, and our clinical impressions support this view. Data available at this time from experimental studies deny this,'14 15 but the methods employed in those studies can be criticized.
Cutting of all the chordae tendineae, in the process of removing the mitral valve prior to insertion of a prosthesis, has been said by Lillehei and associates'6 to result in temporary impairment of left ventricular function. Ex-perimental data in support of this have not been presented. Since all patients in this study had all chordae cut, this may have contributed in part to the low cardiac output in these cases. The possible effect on left ventricular performance of the fixation of the mitral annulus by suture of it to the rigid sewing ring of the prosthesis is not known. Neither is that of the presence of the cage of the prosthesis in the left ventricular cavity. Myocardial function is known to be depressed preoperatively in some patients with mitral valvular disease.'7 It seems reasonable to believe that this plays some role in the low cardiac output observed early postoperatively, particularly since there appears to be a relationship between preoperative and early postoperative cardiac output (fig. 2 ). The scatter in these data and other considerations suggest that additional factors are operative.
Summary
Cardiac output, stroke volume, and atrial, pulmonary arterial, left ventricular, and systemic arterial pressures were measured preoperatively, during operation, and for 48 hours thereafter in 14 patients undergoing prosthetic replacement of the mitral valve. Cardiac output was usually abnormally low after repair, being lowest 3 to 6 hours after operation. This pattern was different from that in a patient undergoing plication of the posterior leaflet and very different from that in a patient undergoing removal of a left atrial myxoma, who served as controls.
Ventricular filling pressure was high, there was no significant diastolic pressure difference across the Starr-Edwards prosthesis, and there was no pressure difference across the left ventricular outflow tract. Blood gas levels and pH were within satisfactory range.
The data are interpreted as indicating that impairment of ventricular performance, particularly left, usually contributes significantly to the low cardiac output in these patients. This is probably related in part to preoperative ventricular function. Possible additional contributing factors are discussed.
